Hypermutation in immunoglobulin genes produces a high frequency of substitutions of all four bases, which are likely generated by low-fidelity DNA polymerases. Indeed, humans deficient for DNA polymerase (pol) have decreased substitutions of A⅐T base pairs in variable and switch regions. To study the role of pol in a genetically tractable system, we created mice lacking pol . B cells from Polh ؊/؊ mice produced normal amounts of IgG, indicating that pol does not affect class switch recombination. Similar to their human counterparts, variable and switch regions from Polh ؊/؊ mice had fewer substitutions of A⅐T base pairs and correspondingly more mutations of C⅐G base pairs, which firmly establishes a central role for pol in hypermutation. Notably, the location and types of substitutions differ markedly from those in Msh6 ؊/؊ clones, which also have fewer A⅐T mutations. The data suggest that pol preferentially synthesizes a repair patch on the nontranscribed strand, whereas MSH6 functions to generate the patch.
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class switch recombination ͉ somatic hypermutation ͉ low-fidelity DNA polymerase ͉ mismatch repair I mmunoglobulin (Ig) genes undergo a high frequency of somatic hypermutation during B cell activation. The mutations, which are predominantly nucleotide substitutions, are introduced into Ϸ2-kb regions of DNA containing variable (V) region genes and switch (S) regions that precede each constant region gene. Mutations in V gene exons can generate high-affinity antibodies that bind to antigen, whereas mutations in S region introns are linked to class switch recombination that produces different isotypes (reviewed in refs. [1] [2] [3] . Hypermutation and switching are both initiated by the activation-induced cytidine deaminase protein (4, 5) , which deaminates dC to dU in DNA (6) (7) (8) . The dU lesion likely generates mutation in two phases, as originally proposed by Neuberger and colleagues (6) . In phase 1, the dU lesion could generate mutations of C bases, or of G bases if C is deaminated on the complementary strand. For example, dU could remain in the DNA and be copied by a high-fidelity DNA polymerase (pol) to produce transitions of C⅐G. Alternatively, dU could be removed by uracil DNA glycosylase, and the abasic site could be copied or repaired by a low-fidelity pol to produce transitions and transversions of C⅐G.
In phase 2, the dU lesion could initiate a repair patch and generate mutations of neighboring bases, including A and T. In this pathway, the MSH2-MSH6 heterodimer (9-11) could bind to the U⅐G mispair (12, 13) , an endonuclease could nick the DNA, and exonuclease 1 (14) would create a gap near the original dU lesion. The gap would then be filled in by a low-fidelity pol, and the types of substitutions would reflect the specificity of the pol. A plethora of pols have been studied for their role in hypermutation in animals and cells: ␤ (15), ␦ (16), (17, 18) , (19) (20) (21) , (22, 23) , (24, 25) , (26) , (26, 27) , and Rev1 (28, 29) . In animals, only pol affects the spectra of mutations, because humans with xeroderma pigmentosum variant (XP-V) disease, who are deficient for the pol (30) , have fewer substitutions of A⅐T pairs (19) (20) (21) . Because the spectrum of mutations by pol in vitro mimics the hypermutation pattern (31) , pol may be involved during the filling of gaps generated by an exonuclease.
However, the human XP-V studies are subject to two caveats: (i) the defective proteins carry a variety of natural mutations that inactivate the pol; and (ii) they are present on a heterogeneous background, and other proteins may have evolved to compensate for the lack of pol . To clarify the role of pol in somatic mutagenesis, we created homozygous Polh Ϫ/Ϫ mice and studied hypermutation and class switch recombination in their B cells. The data from murine pol -deficient cells is consistent with the data from human XP-V cells, which rigorously establishes the involvement of pol in hypermutation. Furthermore, this genetically tractable model now creates an opportunity to identify other proteins that work with pol in the pathway.
Materials and Methods
Mice. Mice deficient for pol were produced on a C57BL͞6 background (F.H., unpublished work). Briefly, a neomycinresistance cassette was inserted into exon 8 of the murine pol gene; the insertion gives rise to a stop codon within the Neo gene. Because the potential truncated protein would lack part of the pol catalytic domains, it would not have pol activity or the C-terminal region to interact with proliferating cell nuclear antigen and nuclear localization. Preliminary experiments showed that no truncated protein was detectable by Western blotting. C57BL͞6 mice for experiments were purchased from The Jackson Laboratory. All animal protocols were approved by the Animal Ethics Committees (Osaka University and National Institute on Aging, National Institutes of Health, Baltimore). Mice were used at 5-6 months of age. The mice were immunized with 100 g of keyhole limpet hemocyanin (Calbiochem) in adjuvant (Ribi Immunochem) and boosted with keyhole limpet hemocyanin after 3 weeks. Spleens and Peyer's patches were removed 4 days after the second injection. labeled peanut agglutinin (PNA) (EY Laboratories), phycoerythrin-labeled antibody to B220 (BD Biosciences Pharmingen), and phycoerythrin-labeled antibody to CD8 (Caltag). Flow cytometry analyses were gated on live cells as determined from forward and side scatter analysis.
Heavy Chain Class Analyses. For in vitro switching, resting splenic B cells were purified as described in ref. 11 . Cells were labeled with 1 M CFSE (Molecular Probes) and stimulated with either 50 g͞ml Escherichia coli LPS serotype O111:B4 (SigmaAldrich) or LPS plus 50 ng͞ml mouse IL-4 (R&D Systems). After 4 days in culture, the cells were stained with 1 M propidium iodide and either fluorescein-conjugated anti-mouse IgG3 or IgG1 (BD Biosciences Pharmingen). For the CFSE analysis, cells were stained with propidium iodide and allophycocyanin-conjugated rat anti-mouse IgG1 monoclonal antibody (BD Biosciences Pharmingen).
Hypermutation Analyses. Cells from the Peyer's patches of two or three immunized mice were stained with phycoerythrin-labeled antibody to B220 and fluorescein-labeled PNA. The cells were isolated by flow cytometry, and DNA was prepared from B220 ϩ PNA ϩ cells. For V regions, the 492-bp intron region downstream of J H 4 from rearranged V H J558 genes was sequenced by using forward nested primers described in ref. 23 , and the following reverse primers: first reverse (nucleotides 2906-2926 of GenBank͞EMBL͞DDJB under accession no. J00440), 5Ј-GTGTTCCTTTGAAAGCTGGAC-3Ј; and second reverse (nucleotides 2827-2847) with a BamHI site in italics, 5Ј-cgcggatccGATGCCTTTCTCCCTTGACTC-3Ј. For S regions, a 561-bp region upstream of the core S region (32) was sequenced by using primers described in ref. 11 . PCR products were digested with restriction enzymes, cloned into pBluescript, and sequenced by LARK Sequencing Technologies, Houston.
Results

Types of Lymphocytes.
Percentages of splenic B and T cells were determined for pol -deficient mice and are presented in Fig. 1 . The number of total CD3 T cells and B220 B cells (Fig. 1 A) , and the ratio of CD4 T helper and CD8 T effector cells (Fig. 1B) is similar in C57BL͞6 and Polh Ϫ/Ϫ mice. These results indicate that the lack of pol does not alter lymphocyte development. To determine whether B cells can be stimulated by endogenous antigens in the gut, flow cytometry was performed on cells from Peyer's patches. As seen in Fig. 1C , identical levels of B220 ϩ PNA ϩ activated cells were observed in wild type and pol -deficient strains, suggesting that the Ig receptors have diversified adequately to respond to environmental antigens.
Class Switch Recombination. To test whether pol influences heavy chain class switching, B cells were stimulated in vitro with LPS to produce IgG3 and with LPS plus IL-4 to produce IgG1. The data in Fig. 2A show that B cells from C57BL͞6 and Polh Ϫ/Ϫ mice had identical levels of membrane IgG3 and IgG1. The cells were then gated for specific division times by CFSE staining, and IgG1 expression was measured at each division. As shown in Fig.  2B , cells from the third through seventh division expressed ϩ PNA ϩ cells from Peyer's patches were analyzed for each genotype, and the data are presented in Fig. 3 and Table 1 . C57BL͞6 clones had a frequency of 6 ϫ 10 Ϫ3 mutations per bp with 130 substitutions and one deletion (1 bp), whereas Polh Ϫ/Ϫ clones had a frequency of 7.6 ϫ 10 Ϫ3 mutations per bp with 163 substitutions and two deletions (1 and 12 bp) (Fig. 3A) . The types of mutations were recorded from the nontranscribed strand and are presented in Table 1 . For Polh Ϫ/Ϫ clones, there was a marked decrease in mutations of A and T bases and an increase in mutations of C and G compared with C57BL͞6 clones. The data are summarized in Fig. 3B and show fewer mutations of A than T and more mutations of C than G, compared with wild type clones. The location of mutations in these clones is plotted in Fig. 4 and shows that the distribution is similar among the two groups. There was no obvious clustering of mutations in WGCW (W ϭ A or T) motifs in the presence or absence of pol .
Mutations in S Regions.
Hypermutation also occurs at a high frequency in a 561-bp region located upstream of the S core region (32) . For this region, only clones with unique mutational patterns were considered, so that the data would not be skewed by duplicate sequences. The analysis of Ϸ70 clones from B220 ϩ PNA ϩ cells from the Peyer's patches of each strain is presented in Fig. 5 Mutations are shown from the nontranscribed strand. Values are corrected to represent a sequence with equal amounts of the four nucleotides. 
frequency of 2.7 ϫ 10
Ϫ3 mutations per bp with 88 substitutions and 2 deletions (1 bp each) and 1 insertion (1 bp) (Fig. 5A) . The types of substitutions are presented in Table 2 and Fig. 5B and show a striking decrease in mutations at A⅐T pairs and concomitant rise in mutations at C⅐G pairs in the Polh Ϫ/Ϫ clones. In particular, there were more mutations of C than G, compared with the wild-type clones. The distribution of mutations in the S region is presented in Fig. 6 , and was similar in the two genotypes.
Discussion
The high frequency of substitutions in antibody genes strongly implies that they are caused by error-prone pols. We previously reported that humans with XP-V disease, who lack pol , have significantly fewer mutations of A⅐T base pairs in V and S regions (19, 21) . However, further studies of this intriguing enzyme are limited by the lack of an experimental model that can be both genetically and biochemically manipulated. To this end, we created mice deficient for pol , and studied the pattern of hypermutation. Several conclusions about the role of pol that were suggested in the human studies can now be verified by using this murine model system.
Pol Does Not Affect Class Switch Recombination. Humans with XP-V have normal frequencies of switching to various IgG isotypes (20, 21) . However, these data from peripheral blood lymphocytes may be skewed toward long-lived memory populations. A more rigorous test of the ability to switch heavy chain classes is to analyze IgG levels after mitogen-induced activation in synchronized short-term cultures. Under these conditions, we found that B cells from pol -deficient and wild-type mice indeed had similar levels of surface IgG. Although pol affects hypermutation in S regions, it apparently does not affect recombination, presumably because the enzymatic activity of pol does not create nicks or doublestrand breaks in the DNA. Conversely, other proteins, such as H2AX and ATM, do not affect hypermutation in S regions, but are intimately involved in class switching (32) (33) (34) . Thus, although both hypermutation and class switch recombination are initiated by activation-induced cytidine deaminase, the resolution of the dU lesions clearly involves separate pathways to produce substitutions or recombination. Values are corrected for nucleotide composition of the sequence. clones, there was less of a bias for mutations of A compared with T nucleotides as recorded from the nontranscribed strand, which was also observed in XP-V clones (35) . Because pol inserts more mutations opposite template T than template A in vitro (36) , it should generate more substitutions of A on the newly synthesized strand. Thus, pol could produce the well-known A⅐T strand polarity in V genes by using the transcribed strand as a template and synthesizing bases preferentially on the nontranscribed strand. Regarding the C⅐G mutations in Polh Ϫ/Ϫ clones, there was more of a bias for mutations of C compared with G in both V and S regions. The prevalence of C mutations was greatest in the S region, which was also noted in XP-V clones (21) . DNA in switch regions can form stable R-loops (37) , which would expose C on the nontranscribed strand to activationinduced cytidine deaminase activity. In the absence of pol , mutations would occur primarily at deaminated cytosines, which would be more numerous on the nontranscribed strand. Pol may also contribute to some mutations of C⅐G pairs, because it can synthesize several bases in a gap and has the potential to generate mispairs opposite all four nucleotides. Other roles for pol to synthesize mutations at A⅐T base pairs have been proposed, such as its putative role as a reverse transcriptase (38) or its potential to incorporate dUTP opposite dA (39) . However, the ability of the enzyme to catalyze error-prone synthesis on DNA is most consistent with its biochemical properties, which are stimulation of activity by MSH2-MSH6 (13) and a preference to generate mutations of A more than of T during strand synthesis (36) .
Separate Roles for MSH2-MSH6 and Pol in Hypermutation. The mismatch repair heterodimer MSH2-MSH6 and DNA pol have been linked in the hypermutation pathway based on (i) their similar genetic phenotypes of fewer A⅐T mutations in genedeficient mice (9) (10) (11) (40) (41) (42) and (ii) their biochemical interactions showing stimulation of pol synthesis by MSH2-MSH6 (13) . However, their disparate enzymatic activities suggest that they will produce different signatures of mutation. Indeed, as summarized in Table 3 , there are major differences in heavy chain class switching and hypermutation between mice lacking the MSH6 partner of the duplex and DNA pol .
First, class switch recombination is impaired in Msh6 Ϫ/Ϫ B cells (10, 11) but not in Polh Ϫ/Ϫ B cells (Fig. 2) . This finding implies that MSH6 is involved in the process that creates DNA strand breaks, perhaps through recruiting an endonuclease, whereas the enzymatic activity of pol does not introduce breaks. Second, the distribution of mutations is strikingly different in the two genotypes. Approximately 68% of the mutations in J H 4 introns and S regions from Msh6 Ϫ/Ϫ clones are in WGCW motifs (11), compared with only 20% from Polh Ϫ/Ϫ and wild-type clones (Figs. 4 and 6) . The distribution suggests that activation-induced cytidine deaminase initially recognizes and deaminates C in the WGCW motif before processive deamination of other cytosines (43) . Preferential mutation in WGCW motifs has also been observed by others (44, 45) and may represent entry sites for activation-induced cytidine deaminase into Ig DNA. MSH2-MSH6 would bind to the U⅐G mispair in WGCW and would attract an endonuclease and exonuclease 1 to generate a gap. MSH2-MSH6 may then recruit and stimulate pol to insert bases downstream of the U⅐G mispair. In the absence of MSH2 or MSH6, there would be no gap, and mutations would be focused at WGCW sites. In the absence of pol , another polymerase(s) may synthesize in the gap to disperse the mutations downstream of WGCW.
Third, although both pol -and MSH6-deficient mice have fewer A⅐T and more C⅐G mutations, the types of substitutions of C⅐G differ between the strains. In Polh Ϫ/Ϫ clones, two-thirds of C⅐G mutations are transitions and one-third are transversions, whereas in Msh6 Ϫ/Ϫ clones, the majority of C⅐G mutations are transitions. Transitions of C⅐G are a hallmark of mutation in Ung Ϫ/Ϫ mice (8) , and likely reflect the bypass of dU by a high-fidelity pol, producing C⅐G to T⅐A transitions. In the absence of MSH2-MSH6, the dU may not be efficiently removed by uracil DNA glycosylase, resulting in a phenotype similar to Ung Ϫ/Ϫ clones. The possibility that MSH2-MSH6 stimulates uracil DNA glycosylase activity could be tested biochemically. Data are a summary of mutations from JH4 and S introns and are corrected for base composition of the respective regions. *Data from ref. 11 .
† Cells with surface IgG1 after culture for 4 days with LPS plus IL-4.
